The optical transfer function (OTF) has proved to be a highly valuable aid in comparing and evaluating the quality of optical systems. The measuring instrument developed is briefly described. The OTF measurements agreed wel l with theoretical results obtained from lens data, especially for the modulation transfer function (MTF) . With the aid of a model based on experiments, a threshold curve was obtained which enabled the results based on the MTF to be compared with those from conventiona l resolution tests . To enable workable focusing and quality cr iteria to be derived, an attempt was made to condense the profuse data resulting from the ~1TF.
Introduction
Over the last few years, the image quality of aerial camera lenses has improved enormously, so that today it is astonishing what these lenses can achieve.
In recent years. image quality has received co nsiderable attention, as is apparent from the efforts made to obtain reliable criteria for its assessment . The search for image quality assessment techniques has not been limited to aerial camera lenses, however. but has encompassed other optical systems as well [1 -7) . Today, several national and international committees are studying the optical transfer function (OTF) and its use in evaluating image quality . In various countries OTF specifications, which are often complex, have already been derived . OTF and MTF (modulation transfer funct ion) have st ill not been generally accepted as image evaluation criteria. There are two reasons for this: firstly, differences occurred between theoretical and calculated values using different computer programs, as well as in their comparison with actual measured results; secondly. experiments carried out on identical optical systems, but at different places and with different test equipment, have sometimes shown different results . Various commissions have already studied the possibilities of standardizing the OTF and especially the measurement criteria (British Standards , DIN) [12 -14) . Standardizing the measurement criteria would improve the consistency of results from different laboratories. Especial ly for wide angle lenses, results from different laboratories, when ~sing the same lenses, showed differences of about 20 -30X a few y!ars ago. Since then both the measuring procedures and the measurement criteria have been perfected, as is evidenced by the results of the most recent comparative measurements organized by the DIN Standards Committee (DIN = German Industrial Standards). This applies, in particular. to the modulation transfer function UHF). The phase measurements were not compared. Phase has not often been used in comparison measurements, but could be very useful for the optica l designer of new systems and also for the determination of asymmetries . The results of the latest DIN comparison tests are very encouraging for future work in elaborating the image quality cri teria based on MTF . A few typical results of the latest DIN comparative measurements are described and graphed in the next section of the paper. OTF also offers the optical designer valuable information about the quality of the newly calculated systems.
The ISP (International Society of Photogrammetry) has long been interested in standardizing the OTF for aerial camera lenses, especially because of the objectivity of this method and the very little time required for the measurements. The results of the Working Group, Commi ssion I, are presented in a comprehensive report by C.L.Norton [3] . future, the optical transfer function could well be adopted as a quantitative technique for assessing the quality of the optical system. For the time being, however, further comparison measurements should be carried out.
Results of the second DIN -MTF comparison test

Different comparison tests were carried out recently (Sira Institute
report
Equipment used in measuring the optical transfer function
For the measurement of the OTF or MTF, different measuring principles are already being used [9] . They can be grouped as follows: For our purposes, the direct Fourier transformation method proved to be the most suitable measuring technique. The principle will be reviewed briefly. A test grating is reproduced through the test lens and the contrast compared in the image with that of the test object lens (Fig.3) . According to the Fourier transformation theory every object can be considered to be composed of si nusoidal functions . The optical system consequently acts as a filter for the transfer of fixed frequencies. The principle of the direct Fourier transformation is briefly summarized below. The contrast in the object can be written Imax The principle of the measuring equipment developed and applied is based on a direct Fourier transformation. In effect the instrument measures the contrast in the image plane for every fixed frequency and compares it with that of the object on the grid. In this paper, phase measurement will not be discussed. The equipment used by Wild for measuring the OTF is illustrated schematica ll y in Fig.4 . A continually moving transmission grid is reproduced and scanned by the slit image; i.e., the modulation of the grid reproduction is compared with that of the grid in the object generator. A 150-W halogen lamp with diffuser, heat protection filter and su itable colour filters is used as a l ight source.
The object grid G is a radial grid from Beck-Ea1ing, (per i od 10 Lp/mm).
It is used in an arrangement modified to that of the EROS 100. However, the radial grid produces a rectangular transmissivity and not a s inusshaped one, as a result of the production technique. By electrically filtering the exit sig nal, the sinus grid transmission is accomp lished (band filter for fundamental oscillations of the Fourier ~eries). The latter is reproduced on the entry slit S1 with a magnification changer.
The continuously moving radial grid (frequency = 1000 Hz) is reproduced on the exit slit 52 of the analyser A. The change in frequency is Object and image slits Sl and S2 were manufactured by vacuum deposition.
They ca n be rapidly interchanged so that, in most cases, the width of the sl its can be chosen in order to neglect a s l it correction. The sel ection of the slit width varies from 1 to 50 pm. Furthermore. the instrument was designed to measure alm ost to the very edge of the image of any aerial survey l ens with the picture frame mounted.
For off-axis image points (up to half of the field angle w = 55 0 ) the sliding carriage with the image ana lyser and test sample is rotated around the entry pupil of the test model L. To achieve this, the carriers are rotated on air cushions. The entire apparatus rests on a stone base plate embedded in sand, the whole being supported by automob ile tyres. The inherent frequency of the basic structure is 2 Hz. Special attention was paid to assuriny a stahle structure , si nce the equipment was particularly designed for checking wide-angle l enses for aerial photography. The equipment can, however, also be used for measuring other lens types. ProceSSing the electric signals is outlined sc hematically in 
Precautions to be taken into account when conducting test measurements
A few recommendations should be made on the basis of past experience with different comparison measurements. Firstly . a good measuring instrument is essential for re l iable and accu rate results. Second ly. the measurements must be taken under stipulated condit i ons (D IN recommendation [13] ). The conditions required for obt aining comparable results will now be summarised : Verification is carried out by means of the rHF measurement at high spatial frequency . Further care must be taken that nearly incoherent illumination is applied and the permissible size of the scanning range (region for isoplan conditions to be accomplished) . Care must also be taken with the spectra l frequency range as well as with the definition of the image position to be chosen . W hen a new test model ;s mou nted, the lens is centered in the mount. Symmetry is verified by measuring in diffe- the light source, the filter and auxiliary optics and that of the receiver (or the overall spectral response) should be known and stated for comparison measurements. The question then arises which spectral range should be adopted when measuring lenses used for aerial photography. In practical aerial photography the spectral responses of the film material differ signifi cantly; hence it becomes difficult to specify a universal standard. Little is found on this subject in the literature. We at Wild have tentatively divided the spectral distribution selected for testing aerial lenses into two groups depending on use and on the basi s of the commonly used Kodak emulsions:
1. Lens for black-and-white and colour photography (Kodak Plus-X, Type 2402, and colour DF, Type So-397) 2. Lens for IR and false-colour photographs (IR S/W, Type 2424, false-colour, Type 2443)
This classification seems just ified due to the fact that colour photography has become more important in recent years; further. the same lenses are often used for both black-and-white and colour photography (or for both IR and false-colour). In addition to the relative spectral sensitivity of Kodak Aerofilms, average daylight (5500 0 K) and the relative spectral characteristics above sea level have been assumed for some of our measurements. A subsequent paper may be written on experiments involving the proposed spectral distribution. For our comparison measurements, which will be discussed below, a spectral distribution considered for the calculations and measurements is indicated in Fig.6 . This choice allows the comparisons of the results with our prev.ious measurements of the resolving power .
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. " . . . To compare theoretical and measured values , wave lengths with band widths, aperture and focusing planes must be known exactly. The theoretical values derived from calculation must coincide with the measurement conditions. In the case of "white light" simulation, the spectral transmission of the lens, especially in the blue lone, must also be kept in mind. The absorption factor of the glass and the coating layers (single or multiple coatings) are mostly responsible for the variation in the spectral transmisSivity of wide angle lenses. Fig.9 shows a typical transmission curve for a Universal Aviogon lens (UAgI). This factor must be kept in mind, when weighting colours for comparison between calculated and measured values , especially considering the increased use of colour photography. In computing the OTF all optical data of the system must be known. Our program for the calculation of the OTF was developed at the Instltute of Applied Physics (Department of Industrlal .Research) of the SW1SS Federal Institute of Technology, Zurlch . It 1S based on the auto-correlation of the pupil function, for which the wave front aberrations in the exit pupil must be known precisely. The program is optimized for accuracy (. 1%) in relation to computing time. The studies carried out have led to the conclusion that the exact shape of the vignetted pupil must be determined in order to calculate precisely the OTF with the help of auto-correlation, especially for large field angles. Approximations led quickly to large errors. To calculate the OTF for "white 1; ght ", the OTF va 1 ues wei ghted for the ; nd i vi dua 1 colours, as a functicn of the given spectral distribution, are vectorial1y added for the corresponding image angle. Details of the method, yet t o be added. will be given in a future report. The question that immediately arises is, how the best plane of reference can be found. The method we applied first is to focus by a fixed spatial frequency, determined to be 20 Lp/mm , for the individual image angle, both monochromatically and with "white 1 ight".
With this method we can estimate the best image plane. Thus it becomes apparent that the curves for large image angles change only slightly upon focusing through. Finally, the best image position is optimized with a quality criterion, taking into consideration both the surfaces under the MTF curves and the regularity over the image field as will be discussed. 
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. . In Fig.13 the results of the ca lculated and measured MTF wlth whlte 1 ight" are reproduced. The measured values are ma rked Wlt~ clrcles ~r crosses referring to sagitta l or tangential section: Specla l attentl~n should be paid to the relatively small phases f~r dlffer:nt frequencles and field angles. It was also found that for thlS lens f,ve wave l engths suffice to synthesize "white light" for the ca1cu1atlOn.
'" ,,,
" '. Up until now, the visual resolving power on the image side has been used to determine the quality of the aerial photographic lens. Us ing a classical test pattern, the resolution ;s defined as the largest number of lines per millimeter which can stil l be discerned as separate lines in the prOjected image. For our comparisons, the object contrast was assumed to be one. The observer i s , however, a subjective factor in the chain; the resolution of the human eye is dependent on the fixed frequency, on the contrast of the image, and on the brightness of the image, as it is presented to the eye. Errors ariSing through the observer's subjective viewing may be reduced if the resolution of the image (i n our case a three-bar test plate) is determined with the help of a microscope until the optimum reproducible conditions for observation have been attained. In addition, our resolution tests were conducted by well-experienced personnel. of the MTFE of the emulsion used (Kodak Plus-X and Agfapan 25) and that of the microscope used (1~5) (MTF M ) a threshold value SW was obtained (Fig.14) whereby
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The microscope is mostly used to reduce the influence of the observer on the results. Illumination and magnification can be adapted to obtain the best condition to analyse the image on the appropriate emulsion. The microscope can be selected such that its MTFM"'l for the frequency range .. ."
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--. Only one value, the geometric mean from the tangential and sagittal resolution for every test angle, is used for this purpose.
The application of the method can be considerably expanded if the weighted areas under the MTF curves are applied instead of the resolution. To compare the image quality of various lenses when using MTF as a quality criterion, or to find the best image plane, the number of curves must be reduced. To evaluate lenses on a production basis. one might even go so far as to use a few pre-selected spatial frequencies. In addition, the users of image quality criteria also have various needs. For production tests only a few curves are required. If a new lens is being tested. the various MTF curves are extremely instructive for the optical deSigner. For this pu~pose a great deal of information for various apertures. colours and image planes is needed.
Image quality criteria based on MTF for determining the best image plane and for evaluating and comparing different lenses will now be proposed. Three paints should be taken into consideration :
1. The surface under the MTF curve up to the threshold value 2. Regularity with respect to tangential and sagittal IHF 3. Regularity over the entire image field Different possibilities for this task were cons~dered. The ~ost pr?mising approach found so far for the systems studied wl1l be descrlbed brlef1y.
The surface under the tnF curve is integrated up to the threshold curve. The geometric mean of the sagittal (MTFs) and tangential flTF (MTFt) is selected in order to reduce the number of curves, hence Tg = VMTFs . 1HFt .
To take into account various MTFs and MTFt at the same field angle, the point of intersection of the poorer MTF curve with ~he thre~hold value curve is adopted as the limiting frequency for the lntegratlon. For the same T g' MTF t may be very poor and MTF s very good. But MTF t "" MTF s would be preferable for most applications. In the case of curves which vary too much, therefore. the surfaces used for evaluating ima ge quality are smaller. For information about the image quality over the entire image field, the surface under the T9 curve is weighted with the surface weight Pi of the image pOint concerned (similar to the AWAR). Thu s Pi takes into account the relationship of that part belonging to image angle wi with respect to the entire image surface. To assess t he regularity over th e image field, the harmonic mean is carried out and presented in addition to the arithmetic mean. In Fig.18 , ", " '" , which takes into consideration the structural contents proposed by Linfoot [15] . CurveQ)in the examples investigated so far does not appear to produce any results essentially different from those produced by curve<D, even though it is more time consuming for practical purposes. The theoretical values obtained from the calculated curves are designated with circles . Our studies have shown that in taking into account the regularity over the image field -i.e. using the harmonic mean -the best image plane ;s shifted slightly relative to that of the arithmetic mean. The distance between the ma ximum of the arithmetic and harmonic mean gives an indication of the homogenity over the fie ld. For many applications it seems to be best to choose the image position between the two maxima for a given aperture of the lens. In conclusion it may be said that image quality can be assessed with objective criteria. Some work remains to be done and additional comparison measurements still have to be carried out in order to verify the quality figures proposed in this paper. 
